In NADP-MEI type C4 plants such as Zea mays, malate transported from mesophyll to bundle sheath cells is decarboxylated via a chloroplastic malic enzyme (11) . The NADPH produced in this decarboxylation reaction is reoxidized by the reductive phase of the photosynthetic carbon reduction cycle, thereby providing up to one half of the total NADPH required for PGA reduction during steady-state photosynthesis (3). Moreover, since bundle sheath chloroplasts of NADP-ME type C4 plants are deficient in PSII activity (19) , it is suggested that part of the PGA generated in bundle sheath chloroplasts must be returned to the mesophyll for reduction to DHAP (11) . In addition to their singular photochemical properties, bundle sheath chloroplasts from the NADP-ME subgroup are thus likely to possess unique metabolite transport processes distinguishing them from both C3 chloroplasts and the bundle sheath and mesophyll chloroplasts of other C4 plants. ' Abbreviations: ME, malic enzyme; PGA, 3-phosphoglycerate; DHAP, dihydroxyacetone phosphate; R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate; RuBP, ribulose-1,5-bisphosphate; PCR, photosynthetic carbon reduction.
Recently, we have reported on the isolation and basic metabolic properties of intact bundle sheath chloroplasts from Z. mays (18) . While possessing an enzyme complement of high specific activity, maximal rates of CO2 assimilation and malate decarboxylation in these organelles were dependent on an exogenous source of carbon to the PCR cycle (PGA, DHAP, or R5P) and a nucleotide (AMP, ADP, or ATP) as well as aspartate. In this paper, we present detailed information on these requirements and discuss them in relation to the role of these bundle sheath chloroplasts in C4 photosynthesis. (17) .
MATERIALS AND METHODS

Chemicals
RESULTS AND DISCUSSION
Preferential Fixation of CO2 Arising from Malate Decarboxylation. Figure 1 contrasts the extent of preferential fixation of CO2 originating from malate decarboxylation in isolated bundle sheath chloroplasts with that previously measured for bundle sheath strands from Z. mays (data from Ref.
3). Preferential CO2
fixation by chloroplasts is considerably lower than for bundle sheath strands. Presumably, the diffusion path for HCO3 from the medium through the cell to the chloroplast is much greater in the bundle sheath strand system. Unlike the bundle sheath strand system, the extent of preferential fixation in isolated chloroplasts is apparently not linear with increasing rates of malate decarboxylation. The increases in calculated rates of carbon fixation by isolated chloroplasts where this preferential fixation is taken into account are shown in Table I . Total 14C recovered in the gas phase and in acid-stable and insoluble products closely matched the rates of pyruvate formation measured in parallel reactions (Table I) . Overall, the direct incorporation of CO2 from malate constitutes only a minor correction were calculated from the specific activity ofthe added NaH'4CO3 alone and are thus minimal estimates.
Requirement for PCR Cycle Intermediates and Pi. Chloroplast CO2 fixation and malate decarboxylation were wholly dependent on additions of PGA ( Fig. 2A) , DHAP (Fig. 2B) varied with the PCR cycle intermediate supplied. In the presence of added PGA, rates of pyruvate formation were always substantially higher than the corresponding rates of carbon fixation ( Fig.  2A) . Conversely, when DHAP (Fig. 2B) or R5P (Fig. 2C) were supplied, maximal rates of carbon fixation were greater than the corresponding rates of malate decarboxylation. Generally, highest rates of pyruvate formation were seen in the presence of PGA, whereas highest rates of CO2 fixation were observed in the presence of DHAP.
Such observations can be related to the overall reaction responsible for carbon reduction in photosynthesis (13) . PGA3-+ ATP4-+ NADPH + H+ = DHAP2-+ ADP3-+ Pi2-+ NADP+ (1) Where high PGA concentrations are present in the medium, the phosphate translocator will presumably function to ensure high PGA levels in the chloroplast stroma (21) . In turn, increasing stromal PGA concentrations should ensure maximum rates of NADPH oxidation and so favor malate decarboxylation via NADP-ME. The rate of carbon fixation in the presence of saturating PGA will be limited by RuBP Although R5P enters the chloroplasts of C3 plants via the Pitranslocator, the Km values for active transport of this substrate are at least an order of magnitude higher than those of PGA, DHAP, and Pi (7, 12) . That a similar situation exists for bundle sheath chloroplasts is indicated since the rates of R5P supported metabolism are much lower than those seen with either PGA or DHAP and show a less marked response to increasing levels of R5P in the medium (Fig. 2C) .
Pi was required for maximum metabolic rates of chloroplasts incubated with PGA or DHAP as shown in Figure 3 . At the level of PCR cycle intermediates in the medium (2.5 mM), the optimum Pi concentration was about 2 mm. With PGA (Fig. 3A) and DHAP (Fig. 3B) , carbon fixation and pyruvate formation were inhibited with higher Pi concentrations. The extent of this inhibition was greatest for PGA-dependent metabolism but did not exceed a 40% reduction from maximal rates at 10 mm Pi. Metabolism supported by R5P was only slightly inhibited by high external Pi concentrations (data not shown).
Chloroplasts isolated from other higher plants show a distinct Pi optimum for photosynthetic metabolism (6, 25) . Typically this is in the range 0.2 to 0.5 mM Pi. At higher Pi concentrations, photosynthesis is inhibited presumably as a result of enforced export of PCR cycle intermediates from the chloroplast stroma via the phosphate translocator. This inhibition can be substantially reduced by including PGA or triose-P in the reaction medium; the Pi concentration optimum also increases under these conditions (24) . Accordingly, it is likely that the somewhat higher Pi concentration optimum and decreased inhibitions by high Pi concentrations observed for bundle sheath chloroplasts observed in Figure 3 are due to the additions of PCR cycle intermediates, which for these chloroplasts are essential for metabolic activity.
Taken together, the various responses of bundle sheath chloroplasts to PCR cycle intermediates and Pi suggest that the cytosolic ratios of PGA to triose-P in the bundle sheath cells may dramatically influence the relative rates of malate decarboxylation and CO2 assimilation in vivo. In order to support diffusional fluxes of PGA and DHAP to and from the mesophyll compartment, respectively, the cytosolic ratio of PGA to triose-P is likely to be high in the bundle sheath cells. Therefore, stromal concentrations of DHAP, PGA, and Pi, together with suitable affinities of the phosphate translocator for each of these metabolites, are crucial to continued malate decarboxylation, PGA reduction, and RuBP regeneration within the bundle sheath chloroplasts.
Adenine Nucleotide Requirement. Figure 4 shows (0) and "1CO2 incorporation (0) to added adenine nucleotides (i.e. AMP, ADP, or ATP). All solutions of ATP and ADP were prepared equimolar with MgCl2 to prevent chelation of Mg2' in the reaction mixtures. Reaction mixtures also contained 10 mm malate, 10 mM aspartate, 2.5 mM PGA, 2 mM Pi, and other components as described in "Materials and Methods."
The fact that the adenylate requirement can be largely satisfied by AMP alone establishes the competence of these chloroplasts for photosynthetic phosphorylation. However, unlike ATP and ADP, higher external concentrations of AMP inhibited CO2 fixation and to a lesser extent, pyruvate formation (Fig. 4A) . One possible explanation for these results is a deleterious effect of increased stromal AMP concentrations on ATP-dependent reactions involved in CO2 assimilation. The failure of high concentrations of ADP to inhibit chloroplast metabolism further suggests that stromal adenylates are in adenylate kinase equilibrium. Thus, increasing AMP concentrations decreases stromal phosphorylation potential to a greater extent than increasing ADP concentrations. Although the bulk of the adenylate kinase is localized in the mesophyll chloroplasts of maize, between 15 and 20% of the total leaf activity is associated with bundle sheath cells (10) . It therefore appears that these chloroplasts may possess high activities of this enzyme.
There is considerable variation in the adenylate translocating processes of higher plant chloroplasts. In spinach chloroplasts, direct adenine nucleotide transport proceeds by counterexchange with maximum velocities below 5 ,umol mg Chl' h-' at 20°C (14) . This carrier is specific for ATP transport with velocities of ADP and AMP transport being at least one order of magnitude lower. In pea chloroplasts, the rate of adenine nucleotide transport is more rapid and dependent upon the developmental state of the organelles (22) . The mesophyll chloroplasts of Digitaria sanguinalis, a NADP-ME type C4 plant, have a membrane translocator which specifically transports ATP into the chloroplast in exchange for ADP (16) . This carrier has a high capacity for ATP transport (i.e. in excess of 40 gmol mg Chl' h-' at 20C) but does not catalyze the transport of ADP and AMP into the chloroplast. Pyrophosphate is also transported on pea chloroplast adenine nucleotide translocator (23) and a rapid counterexchange between ATP and phosphoenolpyruvate was recently reported in both pea and maize mesophyll chloroplasts (26) . In view of the results obtained and the wide variations noted above, the possibility ofa specific adenylate translocator in maize bundle sheath chloroplasts capable of transporting ATP, ADP, and AMP, cannot be discounted.
Aspartate Requirement for Malate Decarboxylation. Malate decarboxylation by isolated Z. mays bundle sheath cell strands is stimulated by added aspartate (1,3) and this effect was even more pronounced with chloroplasts (18) . In accordance with the observation that the limited decarboxylation of aspartate seen in bundle sheath cells apparently occurred by cytoplasmic and mitochondrial enzymes (2) we observed no significant metabolism of L-[U-`'C]aspartate during its stimulating effect on malate decarboxylation by the isolated chloroplast preparations (data not shown). This effect of aspartate on malate decarboxylation and CO2 fixation by chloroplasts was studied over a range of external malate concentrations and PCR cycle intermediates (Fig. 5) .
In chloroplasts incubated with PGA ( Fig. 5A) (8, 15) . Perhaps PGA levels in the stroma of bundle sheath chloroplasts may rise in the absence of PGA-reduction linked to malate decarboxylation. This may inhibit Ru5P kinase and so limit carbon fixation. In the presence of R5P, the responses to added aspartate were similar to those seen in the presence of DHAP (data not shown).
Double reciprocal plots of these data for malate-dependent pyruvate formation in the presence of either PGA or DHAP are shown in Figure 6 . Where PGA was the carbon source (Fig. 6A) (20) , and are competitive with each other. The presence of a similar dicarboxylate carrier in maize mesophyll chloroplasts has also been reported (4) . However, the stimulatory effects of Laspartate alone argue strongly against the involvement of such a carrier in the transport of malate into bundle sheath chloroplasts. Instead, we believe that such chloroplasts may possess a unique carrier, highly specific for malate translocation, which is dependent on aspartate for maximum activity. This possible regulatory role for aspartate may be linked to the significant variations in relative pool sizes of malate and aspartate seen in the leaves of NADP-ME type C4 plants under different environmental conditions (1) .
